Introduction
Poor bioavailability and systemic toxicity are the major limiting factors for establishing new drugs. A promising way to overcome these problems is the use of polymeric nanocarriers which can encapsulate and selectively transport drugs to the desired site of action. The most prominent examples for such nanocarriers are polymeric micelles [1] [2] [3] and liposomes [4, 5] . However, a drawback of these systems is the disassembly of the carrier upon dilution [6] . Carrier platforms that consist of covalently bound amphiphilic structures, so-called unimolecular micelles or core-shell type architectures, are able to overcome this problem. These unimolecular core-shell architectures can be easily obtained from dendritic polymers. A recent example for an efficient core-shell architecture are PE-PG nanocarriers consisting of a dendritic hydrophobic poly(ethylene) core and a grafted, dendritic, hydrophilic polyglycerol (PG) shell [7] . The easy accessibility, low polydipersities, and possible variations in the degree of branching and molecular weight of dendritic polyglycerol (dPG) classify it as an excellent candidate for coreshell architectures [8, 9] . Furthermore, its biocompatibility was shown to be comparable or even better than the widely used and FDA-approved poly(ethylene glycol)s (PEG) [10] . Therefore, dPGs have found many biomedical applications [11] . Our group has developed several core-shell architectures based on dPG as drug delivery systems [12] [13] [14] [15] [16] [17] [18] . Inspired by the polarity gradient of liposomes we designed core-multishell (CMS) architectures with either dendritic poly(ethylene imine) or dPG as core, a hydrophobic inner shell and a hydrophilic outer shell [19] [20] [21] .
These CMS nanocarriers have a high potential as delivery platforms for therapeutic and diagnostic applications. They can solubilize hydrophilic as well as hydrophobic guest molecules and dissolve them in aqueous and many organic media [19] .
CMS nanocarriers with an outer methoxypoly(ethylene glycol) (mPEG) shell (CMS-mPEG) have been shown to be non-toxic and non-irritating [20] . The transport of the guest molecules occurs in supramolecular aggregates of the CMS-mPEG Dendronized core-multishell nanocarriers for solubilization of guest molecules can be considered as non-toxic. mPEG is FDA-approved and one of the most frequently used polymers in drug delivery. The 1,18-octadecanedioic acid is very similar to fatty acids present in the body and should therefore be non-toxic as well. dPG as mentioned above has been proven to be highly biocompatible [10] . The replacement of linear mPEG with PG dendrons is supposed to result in cavities in the CMS nanocarrier structure which should lead to an increase of the transport capacity which was investigated by loading these novel CMS nanocarriers with the hydrophobic guests NR (dye) and methotrexate (MTX, drug, see Figure 1 ). NR was chosen as a guest, because this dye has structural properties similar to some drug molecules, it has very low solubility in water, and its solubilization can be easily quantified by absorption spectroscopy. Furthermore, we have alreadye gained detailed insight on the behavior of NR in combination with CMS nanoparticles [22] . MTX is an antimetabolite and an antifolate drug, which is used for the treatment of cancer. MTX is almost insoluble in water and therefore the solubilization of MTX with CMS nanoparicles could be a promising approach to enhance the bioavailability of the drug. The loaded CMS nanocarriers were investigated using UV/ Vis spectroscopy and dynamic light scattering (DLS).
Methods

General.
Reactions requiring dry conditions were carried out in dried Schlenk glassware under argon. Analytical grade solvents and chemicals were purchased from Acros or Sigma Aldrich and used as received. Dry solvents were obtained from a MBraun SPSnanocarriers [19, 22] . Depending on the guest concentration, CMS-mPEG nanocarriers with an initial radius of 8 nm formed defined aggregates with a hydrodynamic radius of around 100 nm size [22] . These CMS nanocarriers were investigated for the in vivo targeting of a F9 teratocarcinoma tumor [23] and the modulation of the copper level in eukaryotic cells [24] . It was also shown that CMS nanocarriers can benefit from the enhanced permeation and retention effect (EPR effect) and can deliver their payload selectively into tumor tissue [23] . Furthermore, we were able to show that the penetration of the hydrophilic dye rhodamine B and the hydrophobic dye Nile red (NR) into skin could be enhanced compared to solid lipid nanoparticles and normal cream formulations [20, 25] . Besides these biomedical applications CMS nanocarriers have been successfully used for the stabilization of metal nanoparticles, in catalytic reactions involving stabilized metal nanoparticles, and for the fabrication of nanogold-nickel coatings by electrodeposition [26] [27] [28] [29] [30] .
Recently we have shown that the outer shell of CMS nanocarriers can have an influence on their aggregation behavior [21] . NR was either taken up into aggregates of CMS-mPEG nanocarriers [22] or taken up into unimolecular CMS nanocarriers where the outer shell consisted of grafted, hyperbranched PG [21] . Here, we want to systematically investigate the influence of a dendronized outer shell as opposed to one consisting of linear mPEG and study its influence on transport capacity and aggregation behavior of the CMS nanocarriers. Therefore, we as the outer shell (CMS-G1 and CMS-G2 respectively, see Figure 1 ). All compounds used for the CMS nanocarriers are or Figure 1 . Schematic 
NHS-C18-PG[G1]:
In a 500 mL Schlenk-flask C18-PG[G1]
(4.7 g, 7.6 mmol, 1 eq.) and N-hydroxy succinimid (NHS, 2.6 g, 22.9 mmol, 3 eq.) were dissolved in 300 mL dry DCM. The reaction was cooled to 0 °C in a water-icebath. Then 1-ethyl-3- to literature procedures [31, 32] . dPG amine (M n 10,000 g/mol)
was prepared with a degree of amination of 70% analogous to the published method [33] . Dendritic CMS nanocarriers with mPEG350 as the outer shell were synthesized as described in the literature [19, 20] . NMR spectra were recorded on a Jeol ECX 400, Jeol Eclipse 500 MHz, or Bruker Avance 700 spectrometer.
The chemical shifts observed in proton and carbon NMR spectra are given relative to tetramethylsilane and were referenced to the indicated solvents [34] . NMR data was reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), integration, and coupling constants in Hertz (Hz).
Multiplets (m) were reported over the range (ppm) at which they appear at the indicated field strength. Mass spectrometry was performed on an Agilent 6210 ESI-TOF spectrometer. UV/Vis spectra were recorded on a Scinco S-3100 UV/Vis spectrometer.
DLS experiments were performed by using a Malvern Zetasizer Nano instrument.
Sample Preparation.
Stock solutions of all three nanocarriers (CMS-mPEG, CMS-G1, Afterwards, 2 mL of the different nanocarrier stock solutions or Millipore water as control were added. The samples were stirred at 1200 rpm for 24 hours and then filtered through 0.2 µm regenerated cellulose syringe filters to remove the unsolubilized guest.
Transport Capacity Determination.
100 µL of the aqueous solutions of the different nanocarriers with solubilized guest were freeze-dried and redissolved in 2 mL methanol. The concentrations of NR in methanol were estimated using the molar extinction coefficient (ε) of 45,000 M −1 cm −1 at 552 nm [35] . The concentrations of MTX in methanol were estimated using the molar extinction coefficient (ε) of 610 M −1 cm −1 at 375 nm which had been determined by a calibration curve.
Experimental Procedures
C18-PG[G1]: 1,18-Octadecanedioic acid (10.0 g, 31.8 mmol, 2 eq.) was added to a 500 mL round-bottom flask containing 300 mL dry THF and fitted with a reflux condenser. The solution was stirred and heated to reflux. 1,1'-Carbonyldiimidazole (CDI, 2.6 g, 15.9 mmol, 1 eq.) was added to the solution and it was stirred until the CO 2 evolution had ceased. The solution was refluxed for another 30 min while being purged with dry argon. 
NHS-C18-PG[G2]: In a 500 mL Schlenk-flask C18-PG[G2]
(4.4 g, 4.4 mmol, 1 eq.) and NHS (0.8 g, 6.6 mmol, 1.5 eq.) were dissolved in 300 mL dry THF and 6 mL dry DMF. The reaction was cooled to 0 °C with a water-icebath. Then, EDC (1.3 g, 6.6 mmol, 1.5 eq.) was added and after stirring for another 30 min the cooling bath was removed and the reaction was stirred for 16 hours at RT. The mixture was concentrated under vacuum and the crude product was purified by flash column chromatography (silica, CHCl 3 with 0 to 4% MeOH). The product was obtained as colorless oil (2.8 g, 58% 
Transport Capacities.
In order to investigate their suitability as delivery agents the different CMS nanocarriers were loaded with the dye NR or the drug MTX. The transport capacities were determined via UV/Vis spectroscopy. To avoid any undesired effects that could occur due to the aqueous environment the samples were freeze-dried and redissolved in organic media. In a previous report we were able to show self-aggregation of NR in aqueous mPEG-terminated CMS nanocarrier solutions [22] . The obtained transport capacities are given in Table 1 . All carriers were able to enhance the solubility of NR. The NR transport capacity was doubled by changing the outer mPEG shell to PG[G1]. Here, the cavities formed by the dendronized outer shell may have been supportive for the transport capacity and thus could be loaded with additional NR.
The transport capacity of the CMS-G2 nanocarriers for both carrier concentrations was comparable to the mPEG-terminated CMS nanocarriers. In this case, the higher generation dendrons seem to form cavities which are not supportive for the transport capacity. For MTX, on the other hand, only mPEG-terminated CMS nanocarriers achieved good transport capacities, which 13 
Results and Discussion
Synthesis of the Dendronized Core-Multishell Nanocarriers (CMS-G1 and CMS-G2).
The dendronized CMS were synthesized via the four-step procedure shown in Figure 2 . Starting from 1,18-octadecanedioic acid, either PG[G1] amine or PG[G2] amine were reacted with one acid group using CDI as coupling reagent. The crude product was purified via flash column chromatography. The remaining acid group was activated with NHS and EDC followed by flash column chromatography to obtain the pure product. The
Figure 2. Synthesis of CMS nanocarriers with PG dendrons as outer shell. The synthesis is shown exemplary for CMS-G1. The synthesis of CMS-G2 was performed using the same synthetic pathway. For simplicity only one arm of the functionalized dPG is shown. a) CDI, dry THF, reflux, 1 h, PG[G1] amine or PG[G2] amine, reflux, 2 h; b) NHS, EDC, dry DCM, 0 °C to RT, 16 h; c) dPG amine, MeOH, RT, 24 h; d) HCl, MeOH, 18 h.
were comparable to the transport capacity of NR for the CMSmPEG nanocarrier. Both dendronized CMS nanocarriers did not enhance the solubility of MTX. The fact that mPEG-terminated CMS nanocarriers were able to transport MTX as efficiently as NR, but the dendronized CMS nanoparticles were not, reveals that the composition of the outer shell can directly influence the transport capacities for different guests. Overall, it seems that the type of guest plays an important role for the solubilization with the different CMS nanocarriers. However, the CMS-mPEG nanocarriers seem to be more universal than PG-terminated nanocarriers.
3.3. Size and Aggregation Behavior of Unloaded CMS Nanocarriers.
In order to better understand the influence of the outer shell on the transport and aggregation behavior of the different CMS nanoparticles, we investigated loaded and unloaded CMS nanocarriers with the help of DLS. First of all, we studied the unloaded CMS nanocarriers in methanol and in water. In methanol the CMS nanocarriers had hydrodynamic radii of around 3 nm, 3-4 nm, and 5-6 nm for mPEG-terminated CMS, CMS-G1, and CMS-G2, respectively (see Table 2 ). These differences in size go along with the changes one would expect. This is in line with earlier results when grafted, hyperbranched PG shells were used [21] . However, the 100% branched, dendronized shells cannot fully prevent aggregation.
Size and Aggregation Behavior of Loaded CMS Nanocarriers.
In order to study the influence of the guest molecules on the aggregation behavior and to see whether the transport occurs 
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via the formation of aggregates, the NR and MTX-loaded CMS nanocarriers were analyzed by DLS (see Table 3 ). The NR-loaded CMS nanocarriers all formed aggregates. For mPEG-terminated CMS nanocarriers aggregates with a hydrodynamic radius of 120-130 nm were observed, while the CMS-G1 nanocarriers had a radius of about 170 nm at a concentration of 1 mg/mL, and a radius of around 100 nm at a concentration of 5 mg/mL, the CMS-G2 nanocarriers had a radius of 110-120 nm. The volume based size distributions further confirmed this, as all CMS nanocarriers showed only one peak. This clearly shows that all CMS nanocarriers form aggregates if they are loaded with NR.
The CMS-G1 nanocarriers formed noticeably larger aggregates, which seems to correlate with the higher transport capacity of this nanocarrier.
In the intensity based size distributions the MTX loaded CMS nanoparticles all showed peaks corresponding to aggregates (Table 4) . Based on the volume distributions, however, the single nanocarriers are the predominant species for all carriers.
The influence of the outer shell of different CMS nanocarriers on the aggregation behavior seems to be negligible. 
